We have shown that cellular inhibitor of apoptosis proteins (cIAPs) impair clearance of hepatitis B virus (HBV) infection by preventing TNF-mediated killing/death of infected cells. A key question, with profound therapeutic implications, is whether this finding can be translated to the development of drugs that promote elimination of infected cells. Drug inhibitors of cIAPs were developed as cancer therapeutics to promote TNF-mediated tumor killing. These drugs are also known as Smac mimetics, because they mimic the action of the endogenous protein Smac/Diablo that antagonizes cIAP function. Here, we show using an immunocompetent mouse model of chronic HBV infection that birinapant and other Smac mimetics are able to rapidly reduce serum HBV DNA and serum HBV surface antigen, and they promote the elimination of hepatocytes containing HBV core antigen. The efficacy of Smac mimetics in treating HBV infection is dependent on their chemistry, host CD4 + T cells, and TNF. Birinapant enhances the ability of entecavir, an antiviral nucleoside analog, to reduce viral DNA production in HBV-infected animals. These results indicate that birinapant and other Smac mimetics may have efficacy in treating HBV infection and perhaps, other intracellular infections.
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hepatitis B virus | cellular inhibitor of apoptosis proteins | TNF | birinapant | Smac mimetic S tudies using animal models indicate that TNF is an important effector cytokine that promotes clearance of hepatitis B virus (HBV) infection (1, 2) . Compelling human data show that HBVinfected patients, particularly those with detectable serum HBV surface antigen (HBsAg), are at increased risk of HBV reactivation when treated with TNF antagonists (3, 4) . Therefore, therapeutics that augment the mechanisms through which TNF constrains HBV could be of great benefit to patients with chronic HBV infection. Cellular inhibitor of apoptosis proteins (cIAPs) regulate TNF signaling by promoting NF-κB activation downstream of TNF receptor 1 (TNFR1) ligation, and this activation, in turn, promotes cell survival and antagonizes the cell deathinducing potential of TNF (5) . When the function of cIAPs is antagonized, TNF-mediated ligation of TNFR1 causes cell death (6) (7) (8) . Inhibitors of cIAPs promote TNF-mediated death of primary cancer cells in vitro and in xenograft models (9) (10) (11) (12) (13) . However, there is considerable controversy regarding the effects of Smac mimetics on and the potential deleterious consequences for immunity to infection (14, 15) .
There are three major mammalian inhibitor of apoptosis proteins (IAPs) called cellular inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2) and X-linked inhibitor of apoptosis protein (XIAP). Mice that are deficient in cIAP1 and cIAP2 in the liver show enhanced and efficient clearance of HBV infection (1). This major finding raises the possibility of targeting IAPs to promote HBV clearance in patients, but several key issues need to be addressed. In this study, we examine these issues, and we specifically investigate if antagonizing IAPs after chronic infection has been established recapitulates the outcomes in cIAP-deficient mice. Small-molecule inhibitors differ in terms of their specific chemical properties, and it would be of interest to know if these differences impact their efficacy in HBV infection. In contrast to conditionally gene-targeted mice, a drug antagonist would interfere with IAP function both intermittently and in tissues beyond the liver. The impact of this and potential collateral consequences, therefore, need to be addressed. It is also critical to establish that the drug candidates have a mechanism of action consistent with the on-target effects predicated through gene-targeting experiments. Our study examines and addresses the issues raised above, and our preclinical data indicate that the cIAP antagonist birinapant and perhaps, other Smac mimetics may have therapeutic efficacy in the treatment of chronic HBV infection.
Significance
Current antiviral treatments for chronic hepatitis B virus (HBV) infection are effective in suppressing production of virus, but they have poor efficacy in promoting the elimination of infection. Hence, most patients with chronic HBV infection are maintained on antiviral therapies indefinitely. There is much interest in identifying treatments that promote the clearance of infected hepatocytes, thus purging the HBV DNA reservoir in the liver. Here, we show that the clinical-stage drug birinapant, which antagonizes host cell inhibitor of apoptosis proteins (cIAPs), preferentially promotes the killing of HBV-infected hepatocytes in a mouse model of HBV. Therefore, birinapant and other antagonists of cIAPs may be efficacious in the treatment of chronic HBV infection and may promote elimination of virus.
Author contributions: G.E., C.A., S.P., J.C., J.G.T., M.D.S., S.O., N.B., U.N., J.T., J.S., C.G.B., and M.P. designed research; G.E., C.A., S.P., J.C., J.G.T., M.D.S., S.O., N.B., and U.N. performed research; G.E., C.A., S.P., J.C., J.G.T., M.D.S., S.O., N.B., U.N., J.T., J.S., C.G.B., and M.P. analyzed data; and G.E. and M.P. wrote the paper. Results cIAPs Antagonists Promote HBV Clearance. There are two classes of cIAP inhibitors undergoing evaluation in cancer clinical trials: monovalent and bivalent IAP inhibitors. The latter inhibitors were developed in an attempt to more faithfully mimic the action of the endogenous Smac/Diablo. Birinapant is a potent bivalent antagonist of cIAP1, and it also antagonizes cIAP2 but to a lesser degree (11, 12) . Similarly, GT13072 is a potent bivalent cIAP antagonist (16) , whereas LCL-161 is a monovalent Smac mimetic.
To examine the in vivo efficacy of Smac mimetics in the treatment of HBV infection, we used an immunocompetent mouse model of chronic HBV infection (1, 17, 18) . The model mimics aspects of variability seen in human serum HBV DNA levels during infection, because not all mice, even within strains, behave identically (1). This aspect of the model may better predict outcomes in clinical studies. Mice were hydrodynamically injected with a plasmid containing the HBV genome to establish chronic HBV infection. A single dose of birinapant was administered 7 d after HBV infection was induced in mice, and we found that treatment efficiently reduced liver cIAP1 protein levels within 24 h of injection (Fig. 1A) . Similarly, a single dose of LCL-161 was able to lower cIAP1 levels in the liver of mice (Fig. S1A) . Smac mimetics are known to promote the ubiquitination and proteasomal degradation of cIAP1 (11, 12) . Seven days after the administration of a single dose of birinapant, the levels of intrahepatic cIAP1 returned to baseline. When animals were treated with a second dose of birinapant, the protein levels of cIAP1 were quickly reduced again compared with untreated animals (Fig. 1A) . These results indicated that in vivo treatment with birinapant caused a reduction in cIAP1 in the liver of both naïve and HBV-infected mice, consistent with the predicted on-target effects of this drug.
To examine the consequences of antagonizing cIAPs during the course of HBV infection in mice, we treated animals with weekly doses of birinapant or GT13072 for 3 wk commencing 1 wk after induction of infection. Both drugs promoted the rapid control of HBV infection, such that all mice had undetectable serum HBV DNA levels by 5 wk compared with vehicle-treated mice, which continued to have HBV DNA detectable in serum beyond 12 wk (Fig. 1B) . We performed a dose-response analysis and determined that a dose of 10 mg/kg birinapant (per dose) was sufficient to promote the rapid control of HBV infection (Fig. S1B) . A previous report has indicated that at least one Smac mimetic can impair immune responses to pathogens and cause protracted infection (15) . To address this discrepancy, we tested the monovalent compound used in those experiments, LCL-161, and examined its effects in our HBV model. We found that LCL-161 did not behave like bivalent compounds birinapant and GT13072, because there was no difference in its ability to reduce serum HBV DNA levels compared with mice treated with vehicle (Fig. 1C) . Our data are consistent with the previous report (15) , and these results may indicate that differences in chemistry, including a compound's mono-or bivalent nature, impact on the efficacy of Smac mimetics; furthermore, the efficacy of Smac mimetics may be context-or infection-dependent. Our data clearly show that birinapant and chemically related Smac mimetics have in vivo efficacy in promoting the initial clearance of HBV infection in a mouse model, and this clearance of HBV was associated with birinapant's ability to antagonize cIAPs.
TNF Is Required for Birinapant's Efficacy. To investigate how birinapant constrained HBV infection in vivo, we used gene-targeted mice to dissect potential effector mechanisms. We have shown that OT-II transgenic mice, which have a highly skewed CD4 + T-cell receptor repertoire restricting antigen recognition to chicken ovalbumin, have persistently high serum HBV DNA levels compared with WT mice during HBV infection (1) . We tested the efficacy of birinapant in OT-II HBV-infected mice and found that the drug was not able to lower serum HBV DNA levels compared with vehicle-treated control animals ( Fig. 2A and Fig. S2A ). These results indicated that birinapant's efficacy in controlling HBV infection was dependent on a CD4
+ T-cell repertoire capable of AST, aspartate aminotransferase. *P < 0.05; ***P < 0.001 (A, log-rank Mantel-Cox test; B, unpaired two-tailed t test with Holm-Sidak correction; E, unpaired two-tailed t test; and F, Mann-Whitney test).
recognizing HBV. We also examined the requirement for CD8 + T cells in promoting birinapant's activity. Mice with targeted mutations in H-2K b and H-2D b lack MHC class Ia expression and have a >80% reduction in CD8 + T-cell numbers (19) . These mice have highly impaired cytotoxic T-cell responses. We infected MHC class Ia-deficient mice with HBV and found that birinapant was still able to rapidly reduce serum HBV DNA loads in MHC class Ia-deficient mice infected with HBV ( Fig. 2A and Fig. S2A) . Therefore, CD8
+ T-cell cytotoxic activity was not required, but CD4 + T cells, possessing unrestricted T-cell receptor repertoires capable of recognizing HBV, were essential for birinapant's efficacy in controlling HBV. CD4 + T cells directly and indirectly contribute to TNF production, and therefore, we examined if TNF was necessary for birinapant's activity in lowering serum HBV DNA levels. We administered TNF-neutralizing antibodies contemporaneously with birinapant treatment in HBV-infected animals and found that antagonizing TNF caused birinapant to lose its efficacy, and it was no longer able to rapidly lower serum HBV DNA levels (Fig. 2B) . To determine if IFN-γ was also required for birinapant's efficacy in lowering serum HBV DNA levels, we induced HBV infection in IFN-γ-deficient mice and treated them with birinapant. Birinapant treatment was able to lower HBV DNA levels in IFN-γ-deficient mice compared with vehicle-treated controls (Fig. S1B) . Our data show that birinapant lowered HBV DNA levels in mice through a TNF-dependent but IFN-γ-independent mechanism.
Birinapant Promotes Preferential Killing of HBV-Infected Hepatocytes.
The drop in serum HBV DNA levels seen in birinapant-treated mice, even after a single dose, was associated with elevations in serum alanine transaminase and aspartate aminotransferase, but these elevations did not reach statistical significance (P = 0.23, unpaired two-tailed t test). Importantly, birinapant's effect on aspartate aminotransferase and alanine transaminase levels was transient, and within 48 h, transaminase levels returned to baseline (Fig. 2C) . These data indicate that birinapant was not causing substantial collateral liver damage.
A single dose of birinapant was sufficient to decrease the number of HBV core antigen (HBcAg) -expressing hepatocytes, and this decrease was associated with an increase in the number of TUNELpositive cells (Fig. 2 D and E) . Additionally, birinapant treatment caused a 35-fold reduction in the amount of HBV genome in the liver of infected mice compared with vehicle-treated animals, but some residual HBV could still be detected after three doses of birinapant, despite the clearance of serum HBV DNA and liver HBcAg (Fig. 2 D-F) . We speculate that this residual HBV genome in the liver of birinapant-treated mice represents transcriptionally inactive/ silenced integrated HBV DNA that can become transcriptionally active to produce HBV DNA at later stages (Fig. S3) . In patients, integrated forms of HBV DNA are not thought to contribute to virus production, because they are subgenomic fragments, whereas in our mouse model, full-length HBV DNA has the capacity to integrate into the mouse genome because of the adeno-associated virus-inverted terminal repeats flanking the HBV sequence. Interestingly, if some of these quiescent cells in the liver of mice became virologically active and began producing HBV DNA, it seemed that they were rapidly cleared by an endogenous mechanism (Fig. S3) . Birinapant treatment was associated with a modest accumulation of CD4 + and CD8 + T cells in the liver of infected mice, but this accumulation did not reach statistical significance (P > 0.05) (Fig. S2C) , and we did not observe any differences in serum cytokine levels between birinapant-treated and control animals (Fig. S2D) . Collectively, the data indicate that birinapant was causing the death of infected hepatocytes, and this death was associated with immune cell infiltration. Birinapant seems to preferentially promote killing/death of HBV-infected hepatocytes, Fig. 3 . Birinapant enhances the efficacy of entecavir. (A) Proportion of animals and time when C57BL/6 mice treated with the specified compounds (shaded area, entecavir; arrows, birinapant doses starting 1 wk after induction of infection) first achieved an undetectable serum HBV DNA level (n = 6 for each group). (B and C) A direct comparison of (B) serum HBV DNA and (C) serum HBsAg levels in the same animals during the course of infection/treatment described in A above (n = 6 for each group). Numbers below dots in time to event analyses represent remaining mice that have been censored. Vehicle-treated mice in A received both injectable and oral vehicles, and birinapant-and entecavir-treated mice received the corresponding vehicle; therefore, these mice should not be compared across other experiments. Graphs show means and SEMs. Experiments were performed blinded. nd, Not detected; ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001 (A, log-rank Mantel-Cox test; and B and C, unpaired two-tailed t test with Holm-Sidak correction).
because we did not observe any TUNEL-positive cells in uninfected mice treated with birinapant (Fig. 2G) . This specificity for infected hepatocytes may be caused by the up-regulation of TNFR1 on infected compared with uninfected hepatocytes (1), which may sensitize infected cells to the TNF-dependent death-inducing effects of birinapant. Additionally, immune cells will confer specificity, because they preferentially target areas of infection.
Birinapant Improves Efficacy of Entecavir. We next investigated if birinapant retained its efficacy combined with current antiviral treatments and whether the combination could elicit more profound control of serum HBV DNA levels in infected animals. We found that the combination of entecavir and birinapant was more efficacious than either drug alone in promoting the very rapid initial clearance of serum HBV DNA in infected animals ( Fig. 3A and Fig. S3) . Although entecavir as a single agent caused a drop in serum HBV DNA to below our limit of detection (500 copies/mL) within 4 wk of the first treatment, the drug had minimal impact on serum HBsAg levels compared with levels in control-treated animals ( Fig. 3 B and C) . In contrast, birinapant as a single agent caused both serum HBV DNA and serum HBsAg levels to fall below our detection limit within 4 wk of treatment (Fig. 3 B and C) . The combination of these drugs was well-tolerated: there was no overt evidence of toxicity when entecavir and birinapant were coadministered to mice. These data indicate that birinapant and entecavir controlled HBV infection through distinct mechanisms and that combined treatment increased efficacy in reducing serum HBV DNA levels compared with monotherapy with either entecavir or birinapant.
The genetic background of mice affects an animal's ability to control HBV. C3H mice (endotoxin-sensitive strain) have persistently elevated levels of serum HBV DNA, because they are unable to control infection compared with C57BL/6 mice (1). Despite this genetic predisposition that prevents C3H mice from controlling HBV infection, birinapant treatment lowered serum HBV DNA and HBsAg in these animals (Fig. 4 A-C) . Although entecavir was also able to lower HBV DNA levels in C3H mice, it had very limited impact on serum HBsAg compared with birinapant treatment, which caused a drop in HBsAg to levels below our limit of detection (Fig. 4C) . A major feature that distinguishes birinapant from entacavir was the clearance of HBsAg and production of serum HBV surface antibody (HBsAb) in all C3H mice receiving birinapant but not C3H mice treated with entecavir (Fig. 4 C and D) . Seroconversion (loss of HBsAg and acquisition of HBsAb) is the primary clinical therapeutic goal, Fig. 4 . Birinapant promotes seroconversion. (A) Proportion of animals and time when C3H mice treated with the specified compounds (shaded area, entecavir; arrows, birinapant doses starting 1 wk after infection) first achieved an undetectable serum HBV DNA level (n = 3-6 for each group). (B) Serial measurement of serum HBV DNA levels in C3H mice treated as described in A above (n = 3-6 for each group). (C) Serum HBsAg levels in C3H mice treated as described in A (n = 3-6). (D) HBsAb in C3H mice treated with birinapant or vehicle as described in A quantified 7 wk after commencement of drug (n = 4-5). Numbers below dots in time to event analyses represent remaining mice that have been censored. Graphs show means and SEMs. Experiments were performed blinded. *P < 0.05; **P < 0.01; ***P < 0.001 (A, log-rank Mantel-Cox test; C, unpaired two-tailed t-test with Holm-Sidak correction; and D, unpaired two-tailed t test).
and our preclinical data suggest that brinapant is capable of facilitating this outcome.
Discussion
We have previously shown that cIAPs act as restriction factors preventing TNF-mediated elimination of HBV (1) . Birinapant and other Smac mimetics can antagonize cIAPs, and we have now shown that these drugs can promote the clearance of serum HBV DNA levels in two preclinical models of HBV. In C57BL/6 mice that exhibit spontaneous partial control of HBV and C3H mice that have no endogenous capacity to control HBV, birinapant treatment led to clearance of serum HBsAg-and HBcAg-expressing hepatocytes and a reduction in the amount of HBV genome in infected livers.
Birinapant's efficacy in clearing infection was attenuated in mice that had a highly skewed repertoire of CD4 + T cells that could not respond to HBV. Patients with chronic HBV do possess CD4 + T cells with specificities for HBV, and these cells have variable functional activity when examined ex vivo (20) . Based on our data, we would predict that birinapant might have a spectrum of efficacy in HBV-infected patients and that responses may correlate with the quantity and quality of HBV-specific CD4 + T cells. Modifying the duration of birinapant treatment in patients could accommodate this potential variability in responses and optimize efficacy.
Circulating virions produced in patients chronically infected with HBV have the capacity to reinfect hepatocytes and/or infect naïve hepatocytes. Circulating virions produced in our mouse model cannot reinfect or infect naïve mouse hepatocytes, because these cells lack the cognate HBV receptor. This attribute of our model emulates that of patients chronically infected with HBV that are treated with HBV polymerase inhibitors, such as entecavir and tenofovir, that are now standard of care. These patients usually have undetectable viral loads, and hence, reinfection or infection of naïve hepatocytes is not clinically relevant. Importantly, birinapant treatment improved entecavir's ability to reduce serum HBV DNA levels in animals. The increased efficacy of entecavir combined with birinapant compared with either drug when used alone may be because of entecavir's ability to promote a rapid reduction in HBV DNA, and this reduction in viremia may enhance antiviral immunity (21) (22) (23) (24) and in turn, promote birinapant's efficacy. In contrast to entecavir, birinapant promoted the clearance of HBsAg and the acquisition of HBsAb in mice.
We have previously shown that the HBV-containing plasmid used to induce infection in our animal models does not persist as the transcriptional template for HBV. Possible persistent transcriptional templates in our models include the formation of episomal HBV DNA or integration of HBV into the mouse genome. The nature of the transcriptional template is unimportant, because birinapant kills HBV-containing hepatocytes, thus eliminating the HBV genome, regardless of what form it takes.
Our data indicate that birinapant and possibly, other Smac mimetics may be efficacious in treating people with chronic HBV infection, and this efficacy can be enhanced by the additional use of current antiviral drugs. Birinapant may also have efficacy in the treatment of other intracellular infections.
Materials and Methods
Mice and Induction of HBV Infection. The Walter and Eliza Hall Institute of Medical Research Animal Ethics Committee reviewed and approved all animal experiments. Induction of HBV infection has been described previously (1) . Additional details are provided in SI Materials and Methods. Statistical Analysis. Prism 6.0d software (Graph Pad Software) was used to perform statistical tests. Groups were compared using an unpaired two-tailed t test, and Holm-Sidak correction was applied for multiple comparisons. Nonparametric data were analyzed using the Mann-Whitney test, and time to event analyses were performed using the log-rank Mantel-Cox test.
